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of a series of experiments involving pertussis toxin-
insensitive Gi/o proteins expressed in Xenopus oocytes
and in primary cultured neurons in which endogenous
Gi/o subunits were uncoupled from GIRK activation by
the application of pertussis toxin (Benians et al., 2003;
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Jeong and Ikeda, 2001). In these studies, the authors
were able to demonstrate that, at low Go levels and in
the presence of an RGS protein, GIRK currents wereG protein-coupled inwardly rectifying potassium chan-
characterized by fast deactivation and fast activationnels (GIRK/Kir3) are important elements in controlling
accompanied by a large decrease in steady-state cur-cellular excitability. In recent years, tremendous prog-
rent levels. An increase in the amount of G, however,ress has been made toward understanding various
led to an increase in maximal currents (Zhang et al.,components involved in channel activation, modula-
2002). Further supporting the formation of a ternary sig-tion, and signaling specificity. In this review, we sum-
naling complex of GPCR, G protein, and GIRK channel.marize these recent findings and attempt to put them
An interesting finding regarding the role of the free Gin context with recently available structural data.
subunit, not as a donor for the G but as an active
participant in channel gating, has provided additional
support for the complex hypothesis. G-GDP and theEvidence for a GIRK Signaling Complex
G heterotrimer have been shown to bind to the NSince the initial molecular identification of the GIRK
terminus of GIRK1, presumably to allow immediate ac-channels, it has become apparent that these channels
cess of G to the channel and fast sequestering follow-are expressed in the heart, in the central and peripheral
ing gating. Recently, a novel function for the G subunitnervous systems, and in endocrine tissues, where they
in its GDP bound form has been proposed, mainly toprimarily control slow postsynaptic inhibitory signaling
inhibit the basal currents of the channel without affectingand hormone secretion, via pertussis toxin-sensitive
maximal activation response, which allows more robustGPCRs. Upon GPCR stimulation, the  subunit of the G
signaling (Peleg et al., 2002). These results may suggestprotein replaces its bound GDP with GTP. This causes
the close association (or even a physical link) of thethe  subunit to dissociate from the  subunit, and
GPCR, the G protein, and the GIRK channel as a signalo-either G or G or both subsequently act as down-
some unit brought together by the G and thus maystream effectors in enhancing the receptor-mediated
provide a simple and elegant explanation as to howsignal. In the case of the GIRK channel, the G subunit
GPCR-GIRK specificity is achieved in vivo (Leaney etdirectly binds and activates the GIRK channel (for re-
al., 2000). Although an interesting conjecture, it still re-view, see Stanfield et al., 2002). The activation signal is
mains to be seen whether such complexes exist in nativeterminated when G-GTP is hydrolyzed into G-GDP,
tissues.which is then able to reassociate with its G subunit
The Search for the G Binding Site of GIRK(Figure 1). Gating specificity, the exclusive activation of
The high degree of identity between the various GIRKGIRK channels by only pertussis toxin-sensitive GPCRs
subunits in the cytosolic regions, which are involved inin vivo, may suggest the existence of a heteromeric
G-channel interaction in conjunction with the tetra-
complex of channel, G protein, and GPCR. Although
meric structure of the channels, suggests that there may
not direct, support for such a complex has come from
be more than one G binding site per channel. The
studies of gating kinetics. Regulators of G protein signal- stoichiometry of binding of G subunits to each chan-
ing (RGS) proteins, of which there are at least 30 mem- nel has been suggested to be four (Corey and Clapham,
bers, have been shown to be intimately involved in the 2001). Several laboratories have used fusion proteins to
acceleration of the GTPase activity (GAP activity) of the identify both the N- and the C-terminal domains as the
G subunits. It has been shown that RGS proteins accel- regions involved in binding of the G subunits to the
erate activation, desensitization, deactivation, and ago- channel. In addition, peptides corresponding to regions
nist concentration- and time-dependent relaxation the involved in G binding inhibit channel activity (for re-
GIRK currents (see Stanfield et al., 2002). GAP activity view, see Stanfield et al., 2002). There may be synergistic
of RGS proteins, however, would predict a decrease in enhancement between the N- and C-terminal domains;
current amplitude, but experimental observations indi- the interaction between the N terminus of either GIRK1
cate that this does not occur. One possible explanation or GIRK4 with the C-terminal domain of GIRK1 resulted
for this discrepancy would be if a complex of GPCR-G in stronger G binding than to each region alone. This
protein-RGS-GIRK channel exists. Whereas in the ab- synergistic action of the N- and the C-terminal cytosolic
sence of a complex the rate-limiting step in GTP-GDP domains to bind G may be due to the close physical
exchange would be reassociation of the G protein with association of these regions, as revealed by the recent
its receptor, the existence of a complex would serve to 3D structure of GIRK1 cytosolic domains (Nishida and
accelerate GIRK activation without decreasing maximal MacKinnon, 2002) (Figure 2A). The middle of the C termi-
current levels. Support for this model comes in the form nus may be responsible for agonist-induced activation
but does not affect basal activity when mutated (He et
al., 1999). Basal activity may be a result of free G*Correspondence: e.reuveny@weizmann.ac.il
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Figure 1. A Schematic Representation of the Membrane with the
Associated Components of the GIRK Channel Signaling Complex
with its Opposing Modulatory Pathways
(Viewed from the intracellular side of the membrane.) GIRK channels
are gated following the activation of GPCRs associated with pertus-
sis toxin-sensitive G proteins (Gi/o) that release G dimers to directly
gate the channel (blue). The phospholipid PIP2 is closely associated
with the channel to stabilize its functional integrity. Reduction of
channel activity can be mediated by GPCRs that are associated
with Gq-type G proteins (green), to activate phospholipase C (PLC), Figure 2. Residues Involved in GIRK Channel Activation/Modulation
which breaks down PIP2. Increase in channel activity can be medi- (A) Structural view of the tetrameric N- and C-cytosolic domains of
ated by the activation of protein kinase A (PKA) following the activa- GIRK1 channels and the residues identified to be involved in G-
tion of GPCR linked to Gs-type G proteins (yellow). Both PLC and mediated gating (Protein DataBank accession number 1N9P). Leu-
PKA may be soluble and thus do not have to directly associate with cine 333 is peripheral and was found to be involved in channel
the GIRK channel activation complex. activation by G. Leucine 262 and histidine 57 both were found to
be involved in channel basal activity (He et al. 1999, 2002) and are
buried within the structure. All residues are labeled as space filled.subunits, and it is possible that free G subunits have
The N terminus (blue) from one subunit hugs the C terminus (green)
access to a different region of the channel than G of the adjacent subunit. (B) An enlargement of the N-terminal (blue)-
subunits released from G. On the other hand, two C-terminal (green) interaction domain within one subunit. The resi-
amino acid residues, one in the C terminus and the other dues that are marked (ball and stick) are involved in channel modula-
tion by various components. Arginine 191 and Arginine 219 werein the N terminus, have been found to control channel
found to interact with PIP2. Both the N-terminal histidine 57 andbasal and induced activity and thus to contribute to the
the C-terminal histidine 222 were found to be involved in channeloverall G-mediated activion of the channel (He et al.,
sensitivity to internal protons, and the N-terminal cysteine 53 was
2002). From all these studies, a picture emerges in which found to be responsible for GIRK channel gating by redox potential.
the interaction of the G subunits with the GIRK chan- Please note the close proximity of all relevant side chains.
nel involves multiple binding domains that synergisti-
cally control channel gating. The relation between G
occupancy of the channel and channel activity has been cytoplasm, allowing convenient possible interaction
with the G subunits (Figure 2A). In contrast, otherexplored using tandem tetramers of GIRK channels in
which different binding domains (N- and C-terminal cy- residues that were shown to mainly affect channel basal
activity and to affect G binding (He et al., 2002, buttosolic domains from each subunit) have been selec-
tively removed (Sadja et al., 2002) to suggest that GIRK see also Ivanina et al., 2003) are not readily accessible
(Figure 2A). One possibility is that the cytosolic domainschannels are partially activated when only one G sub-
unit is bound and maximal activation is achieved when undergo a major conformational change following G
binding (Guo et al., 2002; Riven et al., 2003) and thatthree G subunits are bound.
What can we learn from the crystal structure of the these residues are involved in the transduction of the
G-mediated signal to open the permeation pathwayGIRK1 cytosolic domains? The structure of the most
conserved parts of the cytoplasmic domains of GIRK1 (Ivanina et al., 2003). The GIRK1 cytosolic domain’s crys-
tal structure, however, does not give a clue as to thehas been solved to a resolution of 1.8 A˚ (Nishida and
MacKinnon, 2002). The structure shows a tetramer of mechanism by which such a conformational signal might
be transduced to the permeation pathway. An insightfour domains, in which the N terminus of one subunit
hugs the C terminus of the adjacent subunit, slightly into the mechanism of signal transduction from the cyto-
solic domain to the membrane-associated domainreminiscent of a huddle around the central pore (Figure
2A). One amino acid side chain that was demonstrated comes from the recently solved structure of a bacterial
inwardly rectifying channel, KirBac1.1 (Kuo et al., 2003),to affect channel gating by agonist stimulation (He et
al., 1999) is localized to the perimeter, exposed to the that includes both the cytosolic and the membrane-
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associated domains in, presumably, its closed state. In of Na action. The exact mechanism of action still must
be clarified.this structure, an amphipathic  helix (the “slide” helix
GIRK channels also respond to other metabolic oror M0) is apparent, lying parallel to the membrane intra-
chemical cues. For instance, oxidation-reduction mech-cellular interface. The slide helix connects the cyto-
anisms may modulate GIRK gating. The addition of theplasmic N terminus to the outer transmembrane helix
reducing agent dithiothreitol (DTT) to GIRK channels(corresponding to TM1). Opening of the channel proba-
results in channel activation, an effect that is abrogatedbly proceeds through a rotating motion along the central
when a conserved N-terminal cysteine is mutated. Thisaxis of the channel (Riven et al., 2003) and a sliding
DTT-dependent activation did not affect receptor-medi-motion of the slide helix to allow for the conformational
ated gating, and it was reversible only in the presencebending rearrangement of the TM2 (Jiang et al., 2002;
of an unknown cytosolic factor(s) (Zeidner et al., 2001).Jin et al., 2002; Sadja et al., 2001). The elucidation of
GIRK channels have also been found to respond to intra-the 3D structure of the cytosolic domains of GIRK1 and
cellular as well as extracellular acidification. IntracellularKirBac1.1 allows us now to examine in detail previous
inhibition of channel activity is independently mediatedobservations related to the gating and modulation of
by conserved histidine residues on the N- and C-ter-GIRK and other inwardly rectifying channels.
minal cytosolic domains (Mao et al., 2003). In light ofOther Modulators of GIRK Channel Gating
the 3D structure of the cytosolic domains of GIRK1 (Ni-In addition to G-mediated gating, GIRK channels are
shida and MacKinnon, 2002), it is interesting to note thatmodulated by a wide variety of intracellular factors and
both N-terminal and C-terminal histidines that inhibitprocesses, such as phosphatidylinositol-4,5-biphos-
channel activity when protonated are located in closephate (PIP2), Na, Mg2, oxidation-reduction, phosphor-
proximity, within 5 A˚ from each other, to the redox-ylation, and acidification. This section will identify re-
sensitive cysteine residue in the N terminus and to thegions that may participate in the gating/modulation of the
arginine residues involved in PIP2 binding of the chan-GIRK channel in response to these additional factors.
nels (Figure 2B). The fact that many intracellular sub-The anionic phospholipid phosphatidylinositol-4,5-
stances influence channel gating and that they all canbisphosphate (PIP2) has a role in the activation of not
be colocalized to a specific region suggests that theyonly GIRK channels but also of G protein-independent
may all influence a common gating module.inward rectifiers and many other types of membrane
The Search for the Elusive Activationtransport proteins. The addition of PIP2 to inside-out
Gate of GIRK Channelspatches enhances the activity of GIRK channels to maxi-
K channels are highly similar in structure. It is thereforemum levels, even in the absence of G. These currents
likely that, despite the dependence on different gatingare not decreased by the addition of G. However, the
factors for activation, all gate in a similar fashion. Thepresence of G prior to addition of PIP2 increases the
molecular events that occur in the GIRK channel fromaffinity of the channels to PIP2. Conversely, G is insuf-
the binding of G until the opening of the permeationficient to activate the channels following depletion of
pathway to allow the passage of K ions are still un-PIP2 (Stanfield et al., 2002, for review). These results
known. However, large steps have been made towardsuggest that G acts to strengthen the interaction be-
a better understanding of GIRK channel gating, and thetween the channel and PIP2, which may therefore be a
information gathered for GIRK channels is likely to becrucial cofactor for structural integrity. G-indepen-
relevant for other K channels and vice versa.dent constitutively active mutants are also PIP2 depen-
Impressive progress has been made in the elucidationdent, further suggesting that PIP2 is required to stabilize of the activation gate of GIRK channels. The crystalthe open state of the channel rather than to mediate
structures of KcsA and MthK bacterial K channelschannel activation (Sadja et al., 2001). Physiologically,
(Jiang et al., 2002; Zhou et al., 2001), revealing the pre-PIP2 levels can be decreased by GPCRs coupled to Gq- sumed conformations of a closed and an open K chan-
type G proteins that activate phospholipase C (Velimiro-
nel, have provided proof for what was proposed using
vic et al., 1995) (Figure 1), which hydrolyzes PIP2 and earlier functional studies: that K channels undergo acti-
limits available GIRK channel activity (Kobrinsky et al., vation gating via a bending and rotation of the second
2000). This additional modulatory pathway provides a transmembrane domain (Sadja et al., 2001). A highly
means of downregulating GIRK activity by external conserved glycine serves as a hinge, allowing the bend-
stimuli. ing helix to sway away from the permeation pathway so
It has also been shown that intracellular Na and Mg2 that the “bundle crossing” at the cytoplasmic end of the
can gate GIRK channels in the presence of PIP2, even TM2 dilates to allow the flow of K ions (Jiang et al.,
in the absence of agonist and internal GTP. It is thought 2002). Jin et al. (2002) took these observations further
that Na at mM concentrations binds to the channel at and by using proline scanning mutagenesis of the TM2
a C-terminal aspartate found in Kir3.2 and Kir3.4 but of GIRK4 were able to convincingly demonstrate that
not Kir3.1. This interaction effectively neutralizes the upon activation gating the TM2 helix bends and the
negative charge and allows PIP2 to interact with two highly conserved glycine residue in the middle of the
arginines located near this aspartate residue, allowing TM2 acts as a pivot point for this movement. Jin et al.
the increase in channel activity. Physiologically, an in- have also shown that rigidity below the pivotal glycine
crease in intracellular Na concentration and conse- is important for activation gating and that rigidity is cru-
quent increase in GIRK channel activity may be a form cial for gating below the residue in GIRK4 that was sus-
of a protective mechanism in electrically hyperactive pected of forming the narrowest part of the pore (equiva-
tissues. Mg2 gates the channels following modification lent to the KcsA “bundle crossing”). These results argue
that the “bundle crossing” does play an important roleby ATP or PIP2 and occurs at a site distinct from that
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Jin, T., Peng, L., Mirshahi, T., Rohacs, T., Chan, K.W., Sanchez, R.,in GIRK gating. However, the question as to whether or
and Logothetis, D.E. (2002). Mol. Cell 10, 469–481.not the bundle crossing is a physical gate, that is,
Kobrinsky, E., Mirshahi, T., Zhang, H., Jin, T., and Logothetis, D.E.whether it occludes ion permeation in the closed state,
(2000). Nat. Cell Biol. 2, 507–514.has been highly controversial. The controversy however,
Kuo, A., Gulbis, J.M., Antcliff, J.F., Rahman, T., Lowe, E.D., Zimmer,may soon be settled, due to recent functional (Phillips
J., Cuthbertson, J., Ashcroft, F.M., Ezaki, T., and Doyle, D.A. (2003).
et al., 2003) and structural (Kuo et al., 2003) data coming Science 300, 1922–1926.
from closely related inward rectifiers. Phillips et al. have
Leaney, J.L., Milligan, G., and Tinker, A. (2000). J. Biol. Chem. 275,
shown for Kir6.2 that the access for cationic blockers 921–929.
to the pore from the intracellular solution is restricted Mao, J., Wu, J., Chen, F., Wang, X., and Jiang, C. (2003). J. Biol.
in the closed state, and the KirBac crystal structure Chem. 278, 7091–7098.
(presumably at its closed state) now also shows a narrow Nishida, M., and MacKinnon, R. (2002). Cell 111, 957–965.
constriction at the cytoplasmic end of the TM2, consis- Peleg, S., Varon, D., Ivanina, T., Dessauer, C.W., and Dascal, N.
tent with an activation gate at this location. (2002). Neuron 33, 87–99.
The structural rearrangement upon gating may extend Phillips, L.R., Enkvetchakul, D., and Nichols, C.G. (2003). Neuron
all the way to the selectivity filter. It is currently not clear 37, 953–962.
whether or not the TM2 motion is the only structural Riven, I., Kalmanzon, E., Segev, L., and Reuveny, E. (2003). Neuron
38, 225–235.rearrangement that takes place in the GIRK channel
upon activation gating. Hommers et al. (2003) have re- Sadja, R., Smadja, K., Alagem, N., and Reuveny, E. (2001). Neuron
29, 669–680.cently reported a surprising finding: the GIRK channel
Sadja, R., Alagem, N., and Reuveny, E. (2002). Proc. Natl. Acad. Sci.becomes a weak inward rectifier upon activation gating
USA 99, 10783–10788.accompanied by a decrease in affinity for the pore block-
Stanfield, P.R., Nakajima, S., and Nakajima, Y. (2002). Rev. Physiol.ers Ba2 and Cs. This may imply a change in the inner
Biochem. Pharmacol. 145, 47–179.pore site of interaction with internal blockers. These
Velimirovic, B.M., Koyano, K., Nakajima, S., and Nakajima, Y. (1995).intriguing results point to the possibility that a structural
Proc. Natl. Acad. Sci. USA 92, 1590–1594.rearrangement takes place in the selectivity filter region
Zeidner, G., Sadja, R., and Reuveny, E. (2001). J. Biol. Chem. 276,when activation gating is transduced, and it is very likely
35564–35570.
that the pore helix plays a major role in this re-
Zhang, Q., Pacheco, M.A., and Doupnik, C.A. (2002). J. Physiol. 545,
arrangement (Alagem et al., 2003). However, detailed 355–373.
mutagenesis and functional work is necessary in order
Zhou, Y., Morais-Cabral, J.H., Kaufman, A., and MacKinnon, R.
to dissect this gating rearrangement process thor- (2001). Nature 414, 43–48.
oughly.
From the original observation that G subunits are
the key elements responsible for GIRK channel gating,
studies in many laboratories have now been able to
elaborate on the complex mechanism of channel gating
as well as modulation. In light of the recent explosion
in deducing channel structures, the field is now waiting
for more detailed mechanistic interpretations concern-
ing channel gating and modulation related to the GIRK
channels.
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